ABSTRACT
INTRODUCTION
Prediction of adverse pregnancy outcome is one of the main concerns of modern obstetrics. Clinical research has focused on the cerebroplacental ratio (CPR) as a possible reliable tool for the identification of fetuses that fail to reach their growth potential at term and thus for the prediction of adverse pregnancy outcome [1] [2] [3] . CPR is calculated as the absolute ratio between the Doppler pulsatility indices (PIs) of fetal middle cerebral artery (MCA) and umbilical artery (UA) or as the ratio between the corresponding multiples of the median (MoM) for gestational age 4, 5 . Fetal chronic hypoxemia results from various obstetric conditions, of which placental insufficiency is the most common. In this condition, fetal brain sparing leads to persistent redistribution of the fetal blood in order to maintain delivery of oxygen and nutrients to the brain 6 . Increased resistance in placental vessels is associated with vasodilatation and reduced resistance in the cerebral vessels, leading to increased UA-PI, decreased MCA-PI and low CPR. This effect has been studied mostly in small-for-gestational-age (SGA) fetuses, but more recently its potential role as a predictor of adverse perinatal outcome has also been studied in appropriate-for-gestational-age (AGA) fetuses 7 . The aim of this study was to evaluate the relationship between CPR and estimated fetal weight (EFW) and the role of CPR in the prediction of adverse perinatal outcome in low-and high-risk singleton pregnancies.
METHODS
This was a retrospective cohort study including singleton pregnancies in which Doppler ultrasound measurements of UA and MCA blood flow were made at ≥ 30 weeks of gestation and that were delivered at our institution between January 2010 and March 2016. Cases were identified by searching the electronic database of our institution (ViewPoint 5.6, ViewPoint Bildverarbeitung GmbH, Wessling, Germany). We included low-risk pregnancies, since in Germany there is a policy of performing at least one ultrasound scan at ≥ 30 weeks of gestation in each pregnancy, as well as high-risk pregnancies that were referred for further evaluation. Gestational age was confirmed by ultrasound at 11-14 weeks of gestation. Exclusion criteria were the presence of fetal malformations and chromosomal or other congenital diseases. Maternal height and body mass index (BMI) before pregnancy, parity, labor complications such as pathological cardiotocography (CTG) trace, meconium-stained amniotic fluid (MSAF), mode of delivery, gestational age at delivery, and neonatal sex and birth-weight (BW) centiles according to German reference ranges 8 were recorded for each patient. Pathological CTG trace was defined according to the FIGO consensus guidelines on intrapartum fetal monitoring 9 . Arterial cord blood pH and Apgar score at 5 min were recorded. Data of the last ultrasound scan before delivery including Doppler findings were used for analysis.
EFW centiles 10 , according to Hadlock's formula 11 , UA-PI, MCA-PI and CPR were calculated. Doppler indices were converted to MoMs according to the medians for gestational age in the low-risk pregnancies. Pregnancies were divided into one of three groups according to EFW centile: SGA with EFW < 10 th centile, AGA and large-for-gestational age (LGA) with EFW > 90 th centile. Linear regression analysis was performed to evaluate the relationship between EFW centile and BW centile. Differences in CPR-MoM between the three groups were analyzed and linear regression analysis was performed to evaluate the relationship between CPR-MoM and EFW centiles in low-risk pregnancies. Furthermore, linear quantile regression was used to calculate the medians of CPR values according to 10 EFW centile subgroups (≤ 9 th , 
RESULTS
A total of 3515 singleton pregnancies were analyzed, including 3016 (85.8%) low-risk pregnancies and 499 (14.2%) high-risk pregnancies referred for one or more of the following indications: fetal growth restriction (FGR) (n = 187 (5.3%)), pre-eclampsia (PE) and hypertensive disorders (n = 78 (2.2%)), and pregestational or gestational diabetes mellitus (DM) (n = 270 (7.7%)). According to EFW centile, 2773 (78.9%) fetuses were AGA, 310 (8.8%) SGA and 432 (12.3%) LGA. Maternal, obstetric and neonatal characteristics are summarized in Table 1 . Women with LGA fetuses were older and had higher pregestational BMI and parity compared with those with SGA or AGA fetuses. Women with SGA fetuses showed a higher gestational age at ultrasound scan and a lower interval between last ultrasound scan and delivery. There was a significant difference between the three groups in the incidence of a pathological CTG trace, which was higher in the SGA group (20.3%) compared with the AGA and LGA groups (14.6% and 10.4%, respectively). Logistic regression showed that the incidence of a pathological CTG trace was related to incidence of FGR (P < 0.001) but not PE (P = 0.054) or DM (P = 0.279). No significant difference was found for the incidence of low Apgar score, arterial cord blood pH and MSAF among the EFW groups. There was a significant linear relationship between EFW centile and BW centile (constant = −74.07; slope = 0.038; r = 0.681; residual SD = 2.32; P < 0.001). The Kruskal-Wallis test showed that, in low-risk pregnancies, the median CPR-MoM was lower in the SGA group than in the AGA and LGA groups (SGA group: 0.91 (IQR, 0.75-1.08); AGA group: 0.99 (IQR, 0.85-1.16);
LGA group: 1.06 (IQR, 0.91-1.22); χ 2 = 45.545, P < 0.001; Figure 1 ). Linear regression analysis showed a significant correlation between CPR-MoM and EFW centile (constant = 0.952; slope = 0.001; r = 0.149; residual SD = 0.009; P < 0.001; Figure 2 ).
The medians of CPR values according to EFW centiles (Table 2) for each outcome did not show significant differences. However, ROC curve analysis showed a significant association only between CPR-MoM and a pathological CTG trace (AUC, 0.539; SD, 0.014; P = 0.005) and 5-min Apgar score < 7 (AUC, 0.609; SD, 0.041; P = 0.008) and not with arterial cord blood pH < 7.1 (AUC, 0.529; SD, 0.022; P = 0.183) or MSAF (AUC, 0.513; SD, 0.018; P = 0.484), whereas there was a significant association between aCPR-MoM and a pathological CTG trace (AUC, 0.540; SD, 0.014; P = 0.003), low arterial cord blood pH (AUC, 0.546; SD, 0.022; P = 0.035) and low Apgar score (AUC, 0.609; SD, 0.044; CTG, cardiotocography; MSAF, meconium-stained amniotic fluid. P = 0.008), but not with MSAF (AUC, 0.524; SD, 0.018; P = 0.184). Detection rates by CPR-MoM and aCPR-MoM for adverse perinatal outcomes were low, ranging from 6.7% to 28.6% for SGA, 12.1% to 22.2% for AGA and 0% to 33.3% for LGA, for a FPR of 10% (Table 3) .
Subgroup analysis of pregnancies in which ultrasound examination was performed ≥ 34 weeks' gestation and ≤ 4 weeks of delivery included 1439 pregnancies, of which 1153 (80.1%) were low-risk pregnancies and 286 (19.9%) were high risk referred for one or more of the following: FGR (n = 160 (11.1%)), PE (n = 48 (3.3%)), DM (n = 103 (7.2%)). According to EFW centiles, 1034 (71.9%) AGA, 251 (17.4%) SGA and 154 (10.7%) LGA fetuses were included in this subgroup. Comparison between AUCs of CPR and aCPR for each outcome did not show significant differences. However, ROC curve analysis showed a significant association between CPR-MoM and a pathological CTG trace (AUC, 0.559; SD, 0.023; P = 0.007) and low Apgar score (AUC, 0.654; SD, 0.059; P = 0.008), but not with low arterial cord blood pH (AUC, 0.541; SD, 0.034; P = 0.218) or MSAF (AUC, 0.545; SD, 0.030; P = 0.121), whereas aCPR-MoM was significantly associated with all four outcomes: pathological CTG trace (AUC, 0.566; SD, 0.023; P = 0.002), low arterial cord blood pH (AUC, 0.566; SD, 0.033; P = 0.045), low Apgar score (AUC, 0.671; SD, 0.059; P = 0.003) and MSAF (AUC, 0.575; SD, 0.031; P = 0.010) (Figure 3) .
DISCUSSION
This study demonstrates that CPR-MoM values are dependent on EFW centiles and that they are lower in SGA fetuses compared with AGA and LGA fetuses. Also shown is that, although there are no significant differences between the AUCs of CPR-MoM and aCPR-MoM for each outcome, CPR-MoM is significantly associated with a pathological CTG trace and 5-min Apgar score < 7, but not with arterial cord blood pH < 7.1 and MSAF, whereas aCPR-MoM is significantly associated with arterial cord blood pH < 7.1 as well. Furthermore, in contrast to CPR, aCPR is significantly associated with all variables measured at ≥ 34 weeks of gestation and within 4 weeks of delivery. However, both showed an overall low prediction rate for adverse perinatal outcome, even at a FPR of 20%.
Our results are in accordance with those of Lam et al., who demonstrated that UA-PI and CPR values were different according to BW centile 12 . They also found that CPR values were lower in SGA babies than in AGA and LGA babies. However, the study included only a small population of 181 postdates pregnancies with no information on EFW. In a study published in 2014, Morales-Rosellò et al. showed that fetuses with lower BW centile had significantly higher UA-PI-MoM, lower MCA-PI-MoM and lower CPR-MoM at ultrasound examination 13 . The authors considered the LGA group as the group least likely to be growth restricted, and consequently they defined the 5 th centile of CPR-MoM in this group as the threshold to identify the fetuses that were failing to reach their growth potential. They found that the percentage of babies that failed to reach their growth potential at term increased in AGA babies with lower BW centiles, ascribing this difference to a hypothesized condition of placental insufficiency. Our data support the hypothesis that fetuses at lower BW centiles show physiologically a lower CPR-MoM, independent of the perinatal outcome or the presence of placental insufficiency. Furthermore, in LGA and AGA fetuses, CPR shows detection rates for adverse perinatal outcome that are similar to those of SGA fetuses. In a subsequent study, Morales-Rosellò et al. reported that AGA fetuses with abnormal CPR showed lower arterial and venous cord pH at birth than those with normal CPR; however, they found no difference in cord pH values in the SGA and LGA subgroups with abnormal vs normal CPR values 14 . The predictive role of CPR has been investigated by Khalil et al. , who demonstrated that the combination of uterine artery Doppler, EFW and CPR was highly predictive of stillbirth and perinatal loss 15 .
Other authors have shown a poor performance of low CPR in screening for adverse perinatal outcomes such as stillbirth, Cesarean section for fetal distress, arterial cord pH < 7.0, venous cord pH < 7.1, Apgar score at 5 min < 7 and admission to neonatal intensive care unit 16, 17 . Indeed, Bakalis et al. 16 showed that CPR for the prediction of adverse perinatal outcome was particularly poor between 30 and 34 weeks of gestation. This is the first study to investigate the influence of fetal size, expressed as EFW centile, on the CPR, showing that there is a significant correlation between the two parameters. Another strength of this study is the analysis of the potential of CPR to predict adverse outcome in a population including LGA pregnancies. Furthermore, our data suggest that the application of CPR adjusted for EFW may improve the prediction of adverse outcome. The main limitation of this study is its retrospective design, which is prone to potential biases. Furthermore, the mixture of low-and high-risk pregnancies may have a negative effect on prediction rates for adverse perinatal outcome. Other studies have shown improved performance in fetuses with suboptimal growth and a more advanced gestational age with a shorter interval to delivery [17] [18] [19] . Therefore, we included only low-risk pregnancies for the calculation of aCPR-MoM and analyzed a subgroup of pregnancies with the last ultrasound ≥ 34 weeks and within 4 weeks of delivery. The subgroup analysis enhanced our findings and the difference between CPR-MoM and aCPR-MoM regarding significance of ROCs for the association with adverse outcome variables.
In conclusion, evaluation of CPR in obstetric management should take into account its relationship with fetal size. We suggest that CPR-MoM should be calculated not only according to gestational age but also according to EFW centile. As the EFW centile is based on gestational age, this method provides MoMs that take into account both fetal weight and gestational age, thus allowing a better evaluation of the individualized fetal Doppler changes throughout pregnancy. This method may be useful to identify fetuses that do not reach their growth potential at any EFW centile in a prospective study.
At present, there is no evidence that CPR is helpful in screening for fetuses with a high risk of adverse perinatal outcome and that may benefit from earlier delivery in the late third trimester. Therefore, CPR should not yet be used in routine clinical practice for the diagnosis of fetal distress and as an indication for induction of labor. We suggest that a randomized controlled trial should be performed to clarify the role of CPR in the prevention of adverse perinatal outcome in the late third trimester.
